The larvae of Issoria lathonia L. feed in natural conditions on several Viola spp., among which are the zinc-accumulating Viola calaminaria (Gingins) Lej. and the nonmetal-accumulating Viola tricolor L. To examine how I. lathonia caterpillars cope with the naturally high foliar zinc concentration of V. calaminaria, we compared the growth of caterpillars reared on leaves varying in zinc concentration. Larvae were fed in controlled conditions with V. calaminaria and V. tricolor grown on noncontaminated soil (i.e., two low-Zn diets) and with V. calaminaria grown on zinc-enriched soil (i.e., one high-Zn diet). Larvae had a higher growth rate when fed with noncontaminated V. calaminaria compared to zinc-enriched V. calaminaria, suggesting that zinc slows down larval growth. However, larvae consumed more leaves of zinc-enriched V. calaminaria (ϩ45%; estimated from fecal mass) compared with noncontaminated V. calaminaria, suggesting that zinc accumulation would not be advantageous to plants. Caterpillars reared on high-zinc leaves regulate their internal zinc concentration through excretion of highly metal-concentrated feces. When kinetics of growth on both low-zinc diets were compared, it appeared that larval development was faster on noncontaminated V. calaminaria than on V. tricolor. This suggests that more nutrients or less feeding inhibitors in V. calaminaria account for fastest growth. Developmental rates on V. tricolor and on zinc-enriched V. calaminaria were similar, despite the high leaf zinc concentration of the latter species. Together with the abundance of V. calaminaria on calamine soils, this may explain why the largest populations of I. lathonia develop on V. calaminaria in Belgium.
INTRODUCTION
Calamine soils, which occurred as natural outcrops and have largely been exploited by humans, contain high concentrations of zinc, lead, and cadmium, which are toxic to most living organisms. Accordingly, the vegetation of calamine soils in Central and Western Europe comprises specialized plant species (metallophytes) that have evolved high tolerance to heavy metals [1] . Compared to plants growing on normal soils, metallophytes often show higher foliar concentrations of heavy metals. Viola calaminaria (Gingins) Lej., the zinc violet, is one of the most characteristic species of the so-called calamine flora. The foliar zinc concentration of V. calaminaria ranges from 1,000 to 10,000 g/g dry weight [1] [2] [3] [4] [5] , or more than 20fold higher than that of normal plants (20-100 g/g dry wt) [6] . Despite its high zinc content, V. calaminaria can be used as food plant by the butterfly Issoria lathonia L. (Nymphalidae). The caterpillar can complete its whole life cycle on this plant, which should, however, be a toxic diet [7, 8] . Interestingly, the largest populations of I. lathonia in Belgium are found in calamine sites, where V. calaminaria is abundant and the only suitable food plant [8] . However, this butterfly also occurs out of calamine sites, and larvae then develop on other Viola spp., among which is the widespread Viola tricolor, a non-metal accumulating species that mainly grows on fallow lands or on waysides and that is closely related to V. calaminaria [9] . * To whom correspondence may be addressed (nnoret@ulb.ac.be).
Zinc is an essential trace element for terrestrial invertebrates [10] . However, high-zinc diets slow down the growth of Lepidoptera larvae and often decrease pupal mass [10] [11] [12] [13] [14] [15] . Metals are known to disturb protein synthesis [16] , carbohydrate content [17] , and lipid content [18] and to increase respiration rate [15] . However, all published studies examining the effects of zinc on caterpillar growth have been conducted with artificial diets [11] [12] [13] 15] or with normal, non-metal tolerant plants subject to toxic concentrations of heavy metals [19] . In addition to the changes of their elemental composition caused by metals, the primary and secondary metabolisms of these nontolerant plants also may be modified [20, 21] .
Metalliferous sites may represent unfavorable habitats for herbivores, and possibly because of relaxed herbivory pressure, metallophytes have evolved lower investment in physical [22] and chemical (Noret et al., Université Libre de Bruxelles, Bruxelles, Belgium, unpublished data) defenses compared to that of nonmetal-tolerant taxa. In addition, metal accumulation in leaves has been suggested to protect metallophytes against herbivores [23, 24] .
Few studies have examined the biology of insects able to complete their whole life cycle on leaves of metal-accumulating plants. A Chrysomelid beetle accomplishing its whole life cycle on the nickel-accumulating Berkheya coddii has been found in South Africa [25] . Boyd et al. [26] found another Chrysomelid beetle as well as an orthopteran feeding on B. coddii. In California, a plant bug restricted to the nickel-accumulating Streptanthus polygaloides was identified [27] . The adaptive features of these metal-tolerant insects to the particular mineral composition of their host plant remain largely unexplored. According to Posthuma and van Straalen [28] as well as Boyd [29] , two main resistance mechanisms allow animals to avoid a high metal body burden: A low metal uptake (avoidance or diet dilution), and a high detoxication rate. This may be achieved by selectively eating less toxic parts of the plant and/or by evacuating metals via the feces (solid and liquid excrements) and/or by molting.
The present study aimed at understanding how I. lathonia cope with the high foliar zinc concentration of V. calaminaria, which is the natural food plant of the larvae on calamine sites. To investigate the effects of zinc on larval growth, we compared the development of I. lathonia larvae feeding on leaves of V. calaminaria with high-and low-zinc concentrations. The zinc concentrations of leaves, insect bodies, feces, and exuviae were measured to test whether zinc is concentrated and/or excreted by larvae. In addition, we compared larval growth on low-zinc leaves of V. calaminaria to that on V. tricolor, which is a common food plant for I. lathonia larvae out of calamine sites. This allowed us to evaluate the quality of V. calaminaria as a food plant for I. lathonia independently of its zinc concentration.
MATERIALS AND METHODS

Plant material
Two Viola spp., V. calaminaria (Gingins) Lej. and V. tricolor L., were grown from seeds in a nonheated glasshouse. Seeds were collected in the field (V. calaminaria, population of Prayon, province of Liège, Belgium) from at least 20 different plants or were obtained from botanical gardens (V. tricolor). Viola calaminaria is a perennial species restricted to calamine soils in eastern Belgium, southern portions of The Netherlands, and western Germany, where it forms large populations [9] . Viola tricolor is a widespread annual or perennial plant growing on waysides and fallow lands. Molecular markers have shown that V. calaminaria and V. tricolor are closely related species, with both belonging to the same Melanium subgenus [9] .
Seeds of both species were germinated on compost; seedlings were then transplanted into individual pots (diameter, 9 cm) filled with a 50:50 mixture of leaf compost and arable soil. To obtain plants with a high-zinc concentration, V. calaminaria also was grown on the same soil amended with zinc (9,000 mg/kg dry soil, supplied as ZnSO 4 ·7H 2 O). Neither toxicity symptoms nor growth delays were observed in zinc-enriched V. calaminaria plants. Viola tricolor, which is not a metal-tolerant species, cannot grow on this zinc-enriched soil. Thus, we had three sorts of plants (V. tricolor, noncontaminated V. calaminaria [NC] , and zinc-enriched V. calaminaria [ZN]), hereafter referred to as three diets. Plants (n Ն 40 individuals/diet) were watered with deionized water when necessary.
Butterflies
Issoria lathonia L. (1758), the Queen of Spain fritillary, belongs to the Nymphalidae family (Argynninae subfamily). It has a wide distribution, from North Africa to southern Norway and to China. This butterfly has two or three generations per year in Belgium, where it flies from April to September. The usual host plants of larvae are species of the genera Viola, Onobrychis, Borago, and Cynoglossum [7] . Because I. la-thonia is protected by law in Belgium, we obtained an authorization to capture 20 butterflies from the calamine site of Prayon in May and June of 2005. These butterflies therefore come from the same site as the V. calaminaria seeds. In the field, the captured butterflies were distributed among several cages containing Viola plants, and cages were brought back to the laboratory. A few days later, at least seven females had laid eggs in separate cages; after one week, the eggs had hatched. First-instar larvae, which probably presented the second generation, were collected for the experiments. Because our aim was to examine how I. lathonia larvae withstand a high-zinc diet and not to investigate genetic variation for this behavior, larvae from all cages were randomly used without distinguishing between maternal progenies.
Growth of I. lathonia on Viola spp.
The first experiment (experiment 1) was conducted in May to verify that I. lathonia larvae can develop normally on V. calaminaria despite its high foliar zinc concentration. Larvae (n ϭ 15-30) were individually reared in Petri dishes (diameter, 5 cm) with detached leaves of five-month-old V. calaminaria NC or V. calaminaria ZN. Larvae received only one sort of leaves (V. calaminaria NC or ZN), provided once a day until pupation. At the end of the experiment, uneaten leaves of V. calaminaria NC and V. calaminaria ZN as well as four randomly selected pupae were dried to be analyzed later for their zinc concentrations.
The second experiment (experiment 2) was conducted in June to compare the developmental rates of larvae reared on V. tricolor, V. calaminaria NC, and V. calaminaria ZN. Larvae (n ϭ 29-30 for each leaf diet) were individually reared in Petri dishes with detached leaves of six-month-old plants. Dishes were kept under natural light conditions (June 25th to July 8th) at a temperature of 21.4 Ϯ 0.8ЊC (mean Ϯ standard error). To maintain the water content of leaves near saturation, petioles were kept between two water-saturated pieces of filter paper. Each larva received only one sort of leaves (V. tricolor, V. calaminaria NC, or V. calaminaria ZN) during its whole development until pupation. Leaves were supplied to caterpillars twice a day to ensure that these organisms were not limited by food. Each time, leaves were collected from at least 10 plants, pooled together, and then distributed to larvae. The mass of provided leaves was not assessed; however, the mass of leaves consumed by larvae on each diet could be estimated from the fecal mass. To follow their developmental rate, caterpillars were weighed (Ϯ0.01 mg) every 2 to 3 d until pupation. Feces were removed daily and collected individually in small tubes to be weighed and analyzed later. Larval skins and pupal exuviae also were kept for analysis. Adult mass was recorded immediately after the emergence of butterflies.
Elemental composition
Uneaten parts of leaves as well as entire leaves that were not yet consumed by larvae were removed from the Petri dishes when new leaves were supplied. No visual differences were observed between eaten and uneaten leaves or parts of leaves (no apparent food selection). Uneaten leaves or parts of leaves collected over two consecutive days were pooled into one leaf sample. These were analyzed to assess the elemental composition of the food provided to larvae (experiments 1 and 2). In addition, individual V. calaminaria plants grown in the field in the Prayon population also were collected and analyzed. This allowed us to compare the mineral composition of field- and glasshouse-grown V. calaminaria to estimate the similarity of the food provided in controlled experiments to the food in natural conditions. Four (experiment 1) or five (experiment 2) pupae of each leaf diet were randomly chosen for elemental analyses. Feces corresponding to the five pupae selected for elemental analyses in each leaf diet were analyzed (experiment 2). For exuviae, larval skins of all individuals (experiment 2) were collected and pooled in two samples to have sufficient material for elemental analyses. The same procedure was applied for the analysis of pupal exuviae. Nine butterflies caught in the field in June (parents of experiment 2 larvae) were analyzed after egg laying to assess the elemental composition of butterflies that had fed on V. calaminaria grown in the field. The comparison of the elemental compositions of butterflies that fed on field-grown V. calaminaria with that of pupae reared on glasshouse-grown V. calaminaria allowed us to check our experimental results for their relevance to natural conditions. All samples were oven-dried (48 h, 45ЊC) and mineralized by dry ashing in porcelain crucibles (16 h, 450ЊC). Ashes were dissolved with 1 ml of suprapur HCl. This solution was brought to a final volume of 50 ml. For plant analyses, accuracy of the method was tested using a reference material (Brassica rapa); for insect material, results were compared with those obtained using another method (flame atomic absorption spectroscopy). Elemental concentrations were determined by inductively coupled plasma-optical emission spectrometry. Results of three emission lines were averaged to avoid interference errors. The leaf nitrogen concentration of leaves in experiment 2 was measured with an elemental analyzer (CHN; Carlo Erba Instruments, Milan, Italy).
Statistics
The kinetics of growth were analyzed by a multivariate Wilk's lambda statistic using the PROC GLM procedure of SAS (1999; SAS Institute, Cary, North Carolina, USA), because the sphericity condition of repeated-measures analysis of variance (ANOVA) was not fulfilled. Individual adult mass and fecal mass, as well as duration of the larval period, were analyzed by one-way ANOVA (factor: leaf diet) followed by least-squares-mean tests (Tukey's). A one-way ANOVA also was performed to analyze the variation in elemental composition (Ca, Fe, K, Mg, Na, P, and Zn) of leaves, pupae, feces, larval skins, pupal exuviae, and field-caught butterflies. The nitrogen concentration of glasshouse-grown plants was similarly analyzed. Logarithmic transformations were performed when necessary. When transformed data did not fit the assumption of homoscedasticity of the ANOVA, a Kruskal-Wallis one-way nonparametric ANOVA was used, followed by a Kruskal-Wallis all-pairwise comparisons test (Statistix 7.0; Analytical Software, Tallahassee, FL, USA). The bioaccumulation factor (BAF) for zinc was calculated by dividing the zinc concentration of pupae by that of the leaves (experiments 1 and 2). Linear regression was used to test the significance of the relationship between the mean zinc concentrations of I. lathonia and V. calaminaria (experiments 1 and 2) (Statistix 7.0).
RESULTS
Suitability of V. calaminaria as a food plant for I. lathonia
The first experiment permitted us to confirm that V. calaminaria is a suitable food plant for I. lathonia larvae, which pupate successfully on both V. calaminaria NC and V. calaminaria ZN. Because the aim of this first experiment was to verify that I. lathonia larvae can develop on V. calaminaria, we did not measure parameters other than the zinc concentrations of leaves and pupae.
Caterpillar development according to diet
Concerning growth kinetics, a clear effect of the leaf diet on the developmental rate ( Fig. 1) and on the duration of the larval period (Table 1 ) was observed in the second experiment. When growth curves of larvae on V. calaminaria NC and on V. calaminaria ZN are compared, it clearly appears that a 568 Environ. Toxicol. Chem. 26, 2007 N. Noret et al. high-zinc diet slows down larval growth (Fig. 1 ). Comparing growth curves of larvae on the two low-zinc diets reveals that V. calaminaria NC resulted in faster development of larvae than V. tricolor did. The fastest development was therefore achieved on V. calaminaria NC, whereas the developmental rates were similar on V. tricolor and on V. calaminaria ZN ( Table 1) .
No mortality was observed in any of the three leaf diets. Adult mass was not affected by the leaf diet, despite the differences of developmental rates among the diets (Table 1) . Fecal mass was significantly influenced by the diet, with lower values for V. calaminaria NC ( Table 1 ). Figure 2 shows the relation between adult and fecal masses. This ratio was significantly influenced by the diet: Insects feeding on V. calaminaria NC, which had the shortest larval period, also had the highest insect to fecal mass ratio.
Elemental composition Experiment 1. The foliar zinc concentrations of V. calaminaria NC and V. calaminaria ZN were significantly different from one another (Tukey's post hoc test, p Ͻ 0.01) and reached 260 Ϯ 90 and 3,840 Ϯ 190 g/g dry weight (mean Ϯ standard deviation [SD], n ϭ 6), respectively. Issoria lathonia pupae fed with V. calaminaria NC had a body zinc concentration significantly lower (135 Ϯ 20 g/g dry wt, mean Ϯ SD, n ϭ 4) than pupae fed with V. calaminaria ZN (493 Ϯ 50 g/g dry wt, mean Ϯ SD, n ϭ 4) (Tukey's post hoc test, p Ͻ 0.01). Experiment 2. The elemental composition of leaves, feces, pupae, butterflies, larval skins, and pupal exuviae of experiment 2 is presented in Table 2 . The zinc concentration of the three leaf diets was significantly different (F ϭ 135; df ϭ 2, 9; p Ͻ 0.001), with higher values in V. calaminaria ZN ( Table  2 ). The leaf zinc concentration of V. calaminaria ZN (1,740 Ϯ 435 g/g dry wt, mean Ϯ SD) was not significantly different from that of field-grown individuals (1,300 Ϯ 340 g/g dry wt, mean Ϯ SD) (F ϭ 2.3; df ϭ 1, 6; p ϭ 0.18).
Pupae show a higher concentration of phosphorus and lower concentrations of calcium, iron, potassium, and magnesium than plants did. In line with this result, feces were enriched with these elements (Ca, Fe, K, and Mg) ( Table 2) . Compared with pupae, larval skins were particularly poor in Mg and P, and pupal exuviae were particularly impoverished in potassium, iron, and zinc.
Just as the zinc concentration of field-and glasshousegrown V. calaminaria plants (experiment 2) did not differ, the zinc concentration of field-caught butterflies was not significantly different from that of pupae reared in controlled conditions on V. calaminaria ZN (F ϭ 0.00; df ϭ 1, 12; p ϭ 0.96) ( Table 2) .
Relation between Zn concentrations of I. lathonia and V. calaminaria
The zinc BAF of pupae decreased as the zinc concentration of dietary leaves increased. Pupae fed on V. tricolor and V. calaminaria NC (experiment 2) had a zinc concentration close to that of their diet (BAF ϭ 1.1 and 0.8, respectively) . In contrast, pupae reared on V. calaminaria ZN maintained a low body metal burden (BAF ϭ 0.3 and 0.1 in experiment 2 and experiment 1, respectively). Linear regression of log-transformed values indicates a significant relationship between the mean zinc concentration of V. calaminaria leaves and that of I. lathonia pupae (p Ͻ 0.05, adjusted r 2 ϭ 0.97) (Fig. 3) . The slope parameter for the regression relationship is less than one (ϳ0.5), which indicates that zinc concentration is regulated in I. lathonia. The elemental composition of field-caught butterflies and field-collected V. calaminaria also are reported on the graph (Fig. 3) .
DISCUSSION
Even though the occurrence of plant populations adapted to heavy metals has been reported for a long time, studies of herbivores feeding on them remain scarce [28, 30] . To our knowledge, the present study is the first to investigate the development of an insect naturally feeding on a plant that accumulates toxic amounts of zinc.
Our results show that I. lathonia larvae develop normally and pupate successfully when fed exclusively with high-zinc leaves of Viola calaminaria. However, by comparing the growth of larvae fed with high-and low-zinc leaves (ϳ1,700 and ϳ120 g/g dry wt, respectively, in experiment 2) of V. calaminaria, it appears that a high-zinc diet slows down insect growth and protracts the duration of the larval period by approximately 2 d (ϩ18%). This is in agreement with previous data showing that a delayed growth generally is observed in Lepidoptera larvae fed with artificial diets enriched with zinc [11, [13] [14] [15] or with other metals, such as cadmium, copper, and lead [10, 13, 14] . Metals have toxic effects by entering into biochemical reactions in which they are not normally involved [10] , and larvae feeding on high-metal diets probably need more energy for metal-detoxication processes [15] . However, in contrast with other data, the high-zinc leaves of V. calaminaria in the present study did not affect adult mass [13] [14] [15] or survival [31] . In these latter studies, a toxic effect of zinc on pupal mass was observed even at much lower zinc concentrations (e.g., 200 g/g dry wt in Kramarz and Kafel [15] ) than in the present study (ϳ1,700 g/g dry wt). Such discrepancies may be explained by the use of artificial diets compared to leaf diets [13, 14] , by different anionic ligands influencing metal toxicity [10] , or by a species-specific toxicity threshold [32] . Toxicity thresholds obtained from artificial diets therefore seem to be difficult to extrapolate to natural systems [10] .
Our results show how I. lathonia larvae develop successfully across a broad range of dietary concentrations of zinc. Pupae feeding on the low-zinc diets (V. tricolor and V. calaminaria NC in experiment 2, 60-120 g/g dry wt) had a body zinc concentration similar to the concentration in their food (BAF pupae-leaves close to 1). Zinc is an essential micronutrient used to strengthen larval mandibles [33] , which explains its high concentration in larval skins for both low-zinc diets. When larvae were fed on higher zinc concentrations (1,740 and 3,840 g/g dry wt in V. calaminaria ZN in experiment 2 and experiment 1, respectively), the BAF pupae-leaves decreased to 0.3 and 0.1, whereas the concentration of zinc in feces increased (experiment 2). On the other hand, as the zinc concentration of larval exuviae (285 g/g dry wt) was much lower compared to that of leaves (1,740 g/g dry wt), molting does not appear to be an efficient pathway for metal detoxication [10, 12, 34] .
Some nonessential metals may be accumulated by Lepidoptera larvae (e.g., Cd [10, 12] ) or hardly assimilated (e.g., Pb [12, 14] ). The concentration of essential metals, such as zinc, nickel, and with more variability, copper, generally is controlled by regulation mechanisms (e.g., Zn [14, 19] as well as Ni and Cu [35] ). This regulation is achieved through lysis of gut cells (where metals are accumulated) into the lumen of the digestive system for excretion in the feces [10] and/or through excretion of metals via the Malpighian tubules [10, 32, 36] .
In our results, I. lathonia therefore appears to be a ''metal deconcentrator'' insect [32] that is able to regulate effectively its internal zinc level through metal excretion in the feces, as suggested by studies using synthetic diets [12, 14] or normal plants subject to toxic concentrations of heavy metals [19] . In the present study, the zinc concentration of approximately 450 g/g dry weight in I. lathonia was found for pupae reared in controlled conditions on V. calaminaria ZN and for fieldcaught butterflies, both originating from the same population of Prayon. It would be interesting to test if the zinc-detoxification capacity is a constitutive property of I. lathonia or a trait that has evolved only in the Prayon population.
It has been suggested that metal accumulation by plants has evolved as a protection against herbivores [24] . In our results, the delayed growth caused by the high zinc content of V. calaminaria could be viewed as a plant defense mechanism, because longer larval development increases the time of exposure to natural enemies (slow-growth-high-mortality hypothesis [37] ). However, the prolonged development of I. lathonia larvae on high-zinc V. calaminaria resulted in a higher consumption of leaves (ϩ45%; estimated via fecal mass), which does not suggest that zinc accumulation would be advantageous to plants.
When larval growth on both low-zinc diets is compared, it appears that caterpillars reared on the non-metal accumulating plant V. tricolor have a significantly longer development than those feeding on V. calaminaria NC. The adult mass to fecal mass ratio, used by Koricheva and Haukioja [38] as an indicator of food quality, is in agreement with the results from growth kinetics: This ratio was highest for V. calaminaria. The quality of food plants for immature insects depends mainly on the nitrogen, water, and nutrient contents of their food as well as on the presence of allelochemical molecules [39] . In the present study, the main factors (N and water) cannot account for the differences of growth: Attention was paid to keep the water content of leaves high, whereas the nitrogen concentrations of the three leaf diets were similar. This suggests that V. calaminaria NC may have higher concentrations of some important, unmeasured nutrient (soluble sugar, vitamins, etc.) or a lower content of secondary compounds compared to V. tricolor. It has been suggested that metallophyte plants like V. calaminaria invest less in defenses against herbivores [22] (Noret et al., Université Libre de Bruxelles, Bruxelles, Belgium, unpublished data).
CONCLUSION
In natural conditions, all caterpillars feeding on V. calaminaria in calamine sites are confronted with a diet that is abnormally rich in zinc. However, the developmental rate of I. lathonia is identical on V. calaminaria and on V. tricolor, despite the high zinc content of the former species. Larvae can regulate their internal zinc concentration by excretion of metal in feces and, thus, maintain a growth rate similar to that of larvae feeding on noncontaminated food. In addition, the high nutritive value of V. calaminaria compensates for the delayed growth because of its high zinc content. Together with the abundance of V. calaminaria on metal-contaminated soils [9] , this may explain why the largest populations of I. lathonia occur on calamine sites in Belgium.
